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ABS”I’RACT

Many near-term and future space-insmmcnt program within NASA and the Ballistic Missile
1 )cfcnse  Organization (BMDO)  depend OJI the successful development of long-life, low-vibration
space cryocoolcrs.  The most demanding near-term programs include a number of science
instruments sclcctcd  for NASA’s Jllrth  Observing System (Em) program, and a number of space
reconnaissance instruments associated with the BMDO’S Brilliant llYCS program; both of these
]mograms  require delivery of similar types of flight coolers in the next fcw years.

‘1’o  help ensure the success of these cooler commitments, the Jet Propulsion 1 aboratory  (JPI.)
has inqdcmcntcd  an extensive cryocookr program in support of the NASA/JPI.  AIRS project,
the Air l:orce  Phillips l-aboratory  (ATT1.), and the Air Force Space and Missiles Systems
Division (SMC). This program is directed at assisting industry in developing advanced
cryocoolcrs  that successfully address the broad array of complex performance requirements
nccdcd for NASA and BMDO long-life space instruments. q’hc JPI, cryocooler  program
il]cludcs  cxtcnsivc  characterization and life testing of industry -dcvclopcd cryocoolcrs,
dcvclopmcnt and flight testing of advanced sorption cooler systcm for detector cooling to 10 K,
dcvclopmcnt  of mechanical cryocoolcr  cnhanccmcnt  technolosics,  and flight tests of advanced
low-vibration Stir]ing-cooler systems.

HNTRODIJCTION

Many near-term and future space-instrument programs within NASA and IIMI)O depend on the
successful deve.topment  of long-life, low-vibration space cryocoolcrs.  The high level of
commonality that exists between the NASA and lIMI )0 cooler rcquircmcnts  has fostered a
highly collaborative, cooperative prop, ram involving both NASA and I)ol} laboratories
:;uppor[ing  n]ajor contractual dcvclopmcnt  efforts within the world-wide aerospace industry.
JPI,, under a combination of NASA and lIMIIO funding, is playing an extensive role in assisting
industry in the development of advanced cryocoolcrs to meet both NASA’s and lIMI)O’S needs.
‘1’hc J]’]. cryocoolcr program is focused in four areas:

1 ) Active support is being provided to NASA/Jl’l.  and I]M1)O flight projects  in the selection,
application and/or acquisition of cryocoolcrs  meeting their needs, ‘J’his activity plays an
important role in identifying the kcy performance and integration rcquircmcnts that must be
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aclcircssed by the cryocoolcrs,  and the kcy clyocoolcr  integration issues that must bc
addressed by the interfacing scicncc  instrumcm, Several J1’1, flight imstrumcnts  involving
cryocoolcrs  are currently being suppor[cd. ‘1’hc largest JPI,/NASA ac(ivity is the I@
Atlnosphcric  ]nfrared sounder (AIRS) instrument, which has Just  awarded its flight
procurement for long-life, low-vibration pulse tube cryocoolcrs  providing 1.5 watts of
cool ing at 55 K, The key IIMI)O activity is supporl to the Williant  l{yes  program and its
contractors in the dcvclopmcnt of 10-K sorl)tion coolers, and the cvahration and selection of
60-K mcchanicrd cryocoolcrs.

llx(cnsive  characterization testing of industry-dcvclopcd cryocoolcrs  is being conducted to
provide a thorough performance database for us.? by instrmncnt  dcvclopcrs  and the
cryocoolcr  dcvclopmcnt  community. J1’I. initiated an extensive cryocoolcr  characterization
program in support of the I?ms  Al }{S instmncnt  in 1989, and greatly expanded tllc cfforl
under AIJ1’I ./I]MI)O sponsorship in 1992. Over the past fc.w years 9 different cryocoolcr
models have been cxtcnsivc]y  characterized to provide a thorough cryocoolcr performance
database for the l\MI)O/NASA-wide  community,

]Uight  tcs(s  of important cryocoolcr  dcvclopmcnts  arc being conduc(ecl to provide reliable
flight heritage data, and to insure thorough qualification status and compliance with launch
vchiclc  safety and cryosystcm integration constraints. 11’1. is managing three ongoing
cryocoo]cr  flight cxpcrimcnts schcdulcd  for launch in the 1994/1995 timeframe: the IJrilliant
IIycs Tcn Kelvin Sorption Cryocoolcr  Bxpcrimcnt  (}]IH’SCI]), the NASA IN-STEP ]Iughcs
Cryo Systcm  lixpcrimcnt  (CS1~), and the Space l’cchno]ogy Research Vehicle (S1’RV)
Cryocooler  Vibration Suppression llxpcrimcnt,

Research is being conducted on cryocoolcr  cnhanccmcnt  technologies nccdcd to help the
community meet identified short-falls in cryocoolcr  performance. ‘1’hc principal focus of this
activity is in the development of advanced vibration-free sorption refrigerators for operation
in the range of 10 to 30 K, and on the development of advanced cryocoolcr  vibration
suppression systems and cold-end integration tcchno]ogics for Stirling and pulse tube
cryocoolcrs.

‘1’hcsc J]’]. cryocoolcr  programs arc sunmariz,ed below and dcscribcd  in detail in tile cited
rcfercnccs. I:or case in presentation, the activities are grouped according to operating
temperature, starling with 55- to 80-K mechanical cryocooler  activities and ending with 1O-K
sorption cooler  activities,

MIIXIIANICA1.  Cl{}’OCOO] ,]H? CI]A]tA~q’JC]/JZAq’]oN

AIRS Cryocoolcr  Dcvc,lopmmt  and Characterization

In 1989 JI’I, ini[iated  an extensive cryocoolcr  c}laractcri7.ation  program in support of the J1’I,
AII<S instrument, which is scbcdulcd  to fly on the NASA Ihx PM platforjn  in the 2000
timeframe; the JPI. AIRS cryocoolcr  program also supporls other  JP1, and NASA instruments
requiring advanced high-capacity (55 to 60 K) low-vibration coolers, To provide the foundation
of cryocoolcr performance data nccdcd for tbcse  programs, J1’I, established a state-of-the-art
cryocoolcr test facility including many special-purpose test setups and data acquisition methods
for measuring generated vibration, thermal pcrformanc.c,  off-state conduction, IIMI, and launch
survivability. ‘1’hc first cooler ex{cnsivc]y c.haractcri7.cd  at JPI, was the }Iritish Acrospacc (IIAc)
80 K “Oxford” cooler that JP1, purchased in 1990; this cooler has served as the pathfinder for
the development of many of the test facilities and test methods used today, and a wealth of data
has been gcncratcd on the robust performance of this cooler. ‘-5

]txpanclccl  Characterization l’rogram for IIM1)O

With the rccognimd need within the space-cooler community for thorough and accurate data OJ1
the performance of emerging space cryocoolcrs,  the JI’I, cryocoolcr  characteri?,ation  program
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was f,rca[ly expanded in 1992 under the sponsorship of the I]allis[ic  Missile l}cfcnse
C~rg,al]i?atiol~/Air  Force Phillips I aboratory in collaboration with the AIRS project.6  I’hc
objcctivc  of the expanded test program was to gather data covering all aspects of cooler
perforlnanc.e  affecting instrument compatibility inch]cting thermodynamic coolin~  capacity, cold
finger off-state parasilics,  location and amount of rejected heat, gcncratcd  vibration, I;MI, and
launch survivability. Direct comparison of cooler characteristics was cnab]cd through the use
of a common set of illstrul]lcr~tatioll,  test procedures, and test facilities. Standardized test-result
formats and parameter ranges are used to aid comparison and interpretation of cryocoolcr
pcrforlnancc.

Since tllc cllaractcriz,ation  of the IIAc 80 K cooler, eight additional slate-of-the-art cryocoolcrs,
shown in l:ig. 1, have been extensively characterized under the joint  IIMI)O/AI 1{S sponsorship.
liour  other coolers have been lCSS cxtcnsivc]y  tested to provide clata for parlicu]ar  applications;
these partial] y-characterized coolers incluclc  the 1 -ockhccd-]  .ucas  17 10C col]lll]o~]-co]  ]~l~rcssiol~-
space Stirling cooler, the TRW 35 K pulse tube cooler, the ‘J’RW  0.2 S-watt 65 K nlini-Stirling
cooler, and the Magavox  MX7049 tactical Stirling cooler.

Comprchcmive  databases have been developed for the following coolers:

IIritish Aerospace 80 K cooler’
Uritish Aerospace 55 K cooler8
British Aerospace 50-80 K Cooler9
1 Iughcs 65 K SSC cooler’”
Lockheed SCRS coolerll
Stirling Technology Co. 80 K cooler’2

Sunpower 140 K cooler13’14
1’1 0.2-watt 80 K tactical cooler
1 ]ughcs  70441 I tactical cooler

In addition to the individual cooler test reports, summary papers have been written describing
generic performance trends of present-day space cryocoolcrs;  these inc]udc thcrjnal performance
trends,’5 gcncratcd vibration trends, lb rcsonancc charactcris[ics,  *7 and EM1 characteristics, 18
These overview papers are intended to provide the user community with g,cneric  design data
suitable for preliminary design purposes, prior to the selection of a particular cooler.

Stirling Cooler ‘J’cchnology Itnhancmc.nt

I\ccausc  of the demanding rcquircmcnts  of the AIRS instrument, focused tcchllo]ogy  dcvclopmcnt
cfforls  have been directed at key high-risk, high-payoff areas such as improved thermal
efficiency and rcduccd  vibration, Advanced single-axis narrow-band vibration control systems
have been dcvclopcd under contract with SatCon ‘1’ethnology (corporation, 19’20 and advanced 3-
axis vibration suppression systems have been developed at JP1 ?1 and through a contract with the
Massachusetts lnstitutc  of Technology .22

I’o greatly improve thermal cfficicncy,  J]’], has developed the concept of the heat interceptor,
slmwn  in l:ig. 2. in this concept, a cryogenic radiator at 150 to 190 K is tied into the cold-
fingcr of a Stirling or pulse tube cooler, and used to nearly double the cryocoolcr efficiency.23

Al 1{S Cooler Dcvclopmcnt  under 1.1 RIS Subcontracts

III order to expand the performance of the first generation }]Ae 80 K cooler to meet the AIRS
rcquircmcnts,  J]’] ,’s AIRS instrument systems contractor, I mal lnfrarcd & imaging System,
Inc. (1 JRIS),  has contracted with BAe and 1,ockhccd-]  ,ucas for the dcvclopmcnt-testing  of
advanced second-generation Stirling cryocoolcrs  with the mcdcd capacity, efficiency and low
vibration, I’his contractual effort proved the feasibility of achieving the AIRS requirements, and
fos[crcd  impel-lant design improvc]ncnts  associated wi[h reduced off-state conduction down the
cold finger, and high accuracy cold-tip temperature regulation via co]nprcssor piston stroke
C.olltl”ol  .24’2S
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BAe 55 K

Lockheed-Lucas SCRS

% \

Ilughes 7044H lexas Inst. l/5-W 80 K

Figure  1. lQXCIII cryocoolcrs charac.(crimcl at JI’1, in support of llMDO  and AIRS,
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l?igurc  2, I’hcmal performance gain of the IiAe 80 K cooler vcrsu.s  heat interceptor temperature,

III the spring of 1994, 1,11{1S awarded TRW the contract to develop and produce the flight
cc)olcrs  for the AIRS insh-umcnt. The selcctcd  state-of-the-art pulse tube cooler has excellent
thermal performance, Fig. 3, comparable to the best  Stirling coolers, and has a number of
features that greatly improve instrument integration, These include reduced mass, size and
ccunplexity,  increased stiffmxs,  and reduced vibration at the cold head. l~igure 4 graphically
illustrates these important advantages of the TRW/AIRS pulse tube configuration,

Cryocoolcr 1 .ifc-lkst  Facility Dcvclopmc.nt

With the growing conmitnlcnt  of long-life Stirling cryocoolers to muhi-year NASA and BMDO
space applications, there is an important need for quantitative reliability data verifying the long-
tc,rm pcrforlnance  of space cryocoolers  and identifying any possible time-dependent degradation
or wear-out failures, 1’o obtain such data, JPL has designed and fabricated con]prehcnsive  life-
tcsting,  facilities for use by the Air l;orce  l’hillips  1,aboratory  and the Jet Propulsion 1 At}.*G 10
acquire the needed quantitative cooler  performance data, the developed life-test chambers
incorporate a number of unique features including thcrmostatical]y  controlled thermal-vacuum
hcatsink  environments, continuous monitoring of cooler-generated vibration, and active fault
detection.

JJ’1 , S’J’JRI,lNG COOIXJ< IU.IGIIT JH1’lfll{lhflLNliS

1’o provide flight-heritage performance data, ancl to thoroughly demonstrate flight qualification
status and compliance with launch vchiclc  safety and cryosyslem  integration constraints, JJ’I, is
managing two ongoing Stirling-cooler flight expel imcnts schcdulcd  for launch in the 1994/1995
tirncframc:  the NASA IN-STEP Cryo System };xpcrimmt,  and the S’1’RV Cryocoolcr  Vibration
Suppression 1 ixpcrimcnt,

NASA 1 N-S’J’EI’  Cryo Systcm Jhpcritncnl

[Jnder JJ’I, management, the 1 Iughcs Aircraft Co. has developed a cryosyslcm  flight experiment
to validate and characterize the on-orbit performance of a hybrid cryogenic cooling systcnl
integrating three advanced tcclmologies:  a 2-watt 6S K low-vibration long-life Stirling cooler
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l~igure  3. ‘1’hcrmal performance of the TRW  pulse tube c.ryocoolcr at the AII{S dcsigll point.

dcvclopcd  by IIughcs under AP1’I ./BMDO sponsorship, a diode oxygen heat pipe thermal switch
that also enables physical separation bet wccn the cryocoolcr  and the thcrma]  load, and a thermal-
cncrgy storage device that provides a stable thermal sink at cryogenic tcmpcraturcs. A key
feature of the cxpcrimcnt  is the on-orbit mcasurcmcnt  of the vibration generated by the
advanced, fully counterbalanced, seconct-generation Stirling cryocoolcr in contrast to typical
shor[-life “tactical” coolers, which arc also used in tlic  cxpcrimcnt  for thermal shield cooling.
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Figure 4. Comparison of the integration attributes of pulse lube and Stirlin~ cryocoolcrs in the AIRS
h) S[rLllllCIlt Set(hg.
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Figure 5. }Iughes  lN-S’J’liP Cryo Systcm  l;xpcrimcnt (CS};) during system testing.

l’hc NASA-sponsorect experiment, shown in I ~ig. 5, completed system-level testing this spring
and is prcscntl  y undergoing launch vchiclc integration, 1,aunch aboard the Shuttle is schcdulcd
for licbruary 1995. A large number of valuable lessons on Stirling cooler systcm integration
have been derived from this effort.27

S’J’RV Cryoc.oolcr  Vibration Suppression lkJminmd

LJndcr  lIM1 )0 sponsorship, JJ’I. is also developing a flight experiment to demonstrate more
advanced control technologies for quieting cryocoolcr  tip vibration in three axes.21 ’28 This
cxpcrimcnt  is a small 15-wat[ payload aboard the Space ‘J’ethnology Rcscal ch Vchiclc (STRV-
lb), a small lhglish  satellite that was launched on an Arianc-4 on June 17, 1994, To meet
strin~ent power, weight, and space constraints, the cxpcrimcnt  makes use of the tiny 1/5-watt
80 K ‘J’cxas lnstrurncnts  tactical Stirling cooler. Two different vibration-cancellation actuator
techniques arc being demonstrated: 1) applique ceramic piezoclcctric  actuators that arc bonded
to the co]dfingcr  and stretcl! the coldfingcr  to cancel tip motion, and 2) commercial low voltage
piez,oclcctric  translators that similarly cancel tip motion by moving the entire cryocoolcr in three
axes. Motion of the coldfingcr  tip is measured in all three axes to 10 nanometer accuracy using
eddy-current transducers. 1’WO types of control systems arc also being demonstrated: 1) an
analog control systcm that uscs a bandpass filter to track the drive signal and suppress it, and
2.) a unique narrow-band adaptive feed-forward system  that continually updates a steady-state
co]nmand signal  to each actuator to cancc]  the tip vibration. l;itl]cr control systcn]  can bc used
wil,h either actuator.

‘J’JCN KM:] ,VIN BRI1 /1/IANJ’-ILYJM  SORPTION COOI Xl<
])] LVJtl,O1’h4KN’J’

Onc of the concepts for the Brilliant IIycs (}111) surveillance satellite systcm invo]vcs  a long-
wavclcngth infrared detector focal plane that requires periodic opcrat  ion near 10 K. ‘I”o provide
the ncccssary  cryogenic cooling, a novc] periodic 10-K sorption cooler concept was invented by
1 )r, Al Johnson of The Aerospace Corp. in collaborate ion with Mr. Jack Jones of JP1 ,.29’30  l’hc
basic feasibility of the unique 10-K hydrogcrdhydridc  sorption cryocoolcr  was demonstrated at
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J.1’l. in a series of proof-of-princip]c  cxpcrimmts  in 1991.31 Based on this successful
dcmonslration, a conlprehensivc  program was undertaken with industry to rcducc  the concept
to a working prototype and to prove its viability in a space demonstration flight experiment,
Additional clcmcnts  of the program include component-level characterization and reliability
physics invcs[igatiom,  and the design of an cnginccring  model flight systcm more accurately
scaled to the requirements and interfaces of the actual B] 1 mission,

‘1’hc l’criodic  Sorption Cryocoolcr  Concept

‘1 ‘hc operation of the 10-K periodic sorption cryocoolcr  systcm is based on altcmatcly  }lcating
and cooling beds of metal hydride powders to circulate hydrogen in a closed cycle, and
periodically cool the detector cold head assembly to 10 K on command .29’3031 Cooldown to 10
K occurs in two separate steps. l;irst,  a valve is opened to release high-pressure hydrogen at
about 10 MPA (1500 psia)  from the storage tank. ‘1’hc hydrogcrr gas is circulated past  a 60-K
upper stage -- cooled by second-generation Stirling or pulse tube coolers such as the BMDO PSC
coolers or the Al R!+ coolers -- and then flows through a Joule-rl’homson  refrigcrat  ion loop where
it is cooled and parlially  liquefied at 25 to 30 K. The liquid is collcctcd in a wick contained in
the cryogen reservoir, and all unliqucficd  hydrogen vapor is absorbed by a hydride sorbcnt  bcd.
I’hc second cooldown  s[cp begins after a sufficient quantity of liquid hydrogen is collected (about
0,,5 to 2 g). At this point the J-T flow is stopped and solid 1 Iz at -10 K is produced by vacuum
pumping the cold head reservoir with a low-pressure sorbcnt  bcd, ‘Ile process is sized to
provide sufficient solid hydrogen to absorb the infrared sensor heat load over the required 10-
to 30-minute operating period. Pollowing  Ihc operational period, the cryocoolcr is rcchargcd
b!y heating the sorbcnt beds; this drives off the hydrogen and returns it to the storage tank.

I\ It’1’SClt  10-K Sor\)tion l’light  ICxpcrimcnt

A critical part of the 1O-K sorption cooler dcvclopmcnt  cffor[ is the Brilliant llycs Ten-Kelvin
Sorption Cryocoolcr  Iixpcrirncnt  (B IH’SCll)  .32 ‘1’his Shuttle side-wall-mounted flight cxpcrimcnt,
shown during system-level testing in l~ig. 6, is in the final stages of environmental testing at JI’I,
and was originally schcdulcd  for launch in 1995 aboard the }IMI)O Shuttle Pallet Satellite (SPAS

Figure 6. Brilliant Ijyes l’en Kelvin Sorption Cooler }ixpcrirmmt  (III;I’SCI{) during systern-level testing
at JP1..
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l;igurc 7. Successful ground-test demonstration of the 1O-K cooling performance of the BBTSCE
cryocooler.  ,

111) mission. With the cancellation of the SPAS 111 mission, launc}l is currently in the process
of being, reprogrammed.

l’he Illi”l’SCIl  objectives are to: (1) demonstrate the 10-K sorption cooler tcchno]ogy in a
microgravity  space environment, (2) advance the enabling technologies and integration
techniques by developing an autolnated,  space flightworthy  cryosystcm, and (3) characterize
spaceflight  performance and develop the nccdcd flight database to support the planned 10-K
flight-coo]cr  dcvclopmcnt  efforts. Kcy technologies and clcmcnts  to bc characterized include
hydride sorbcnt bcds,33 phase-change materials, heat sinks, heat exchangers and other
refrigeration loop components, the cold-head assembly containing a wicked solid/liquid cryogen
reservoir, cycle process controls, and cycle repeatability.

‘1’his a]l-ncw cryocoolcr  system was designed and fabricated for the first time for this flight
cxpcrimmt,  and has achicvcd  its operational performance goals  on-cost and on-schedule, l;igurc
7 shows the successful ground-test data that confirlns  the ability of tl]c cooler to cool the focal
plane to below 10 K in WC1l  under 2 minutes, and to maintain the temperature for over 20
minutes witli  a detector heat load of 100 nlW.~

Colll])ollc]lt-1.evcl  Charactcri7,ation  and Imitability l’llysics
invest igations

Supporting the DIH’SCII  flight experiment, JJ)I, has a 10-K basic tcchno]ogy  dcvclopmcnt
activity dircctcd at providing the tcchno]ogy base required to design and manufacture high
reliability 10-K hydride sorption cryocoolcrs. 16 The kcy focus of this activity is on developing
the analytica]  modeling tools to allow  the total thermodynamic systcm to bc understood and
oIJtinliz,cd,  and developing the reliability physics and design understanding of the kcy issues
govcrni]lg  the Iifct  imc and rcliabilit  y of the systcm. ltx[cnsivc  analytical ]nodc]s  have been
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dcvclopcd and verified with the ground test data,3s and several activities arc currently underway
to verify the long tmn  reliability of the system, 36 “1’hcsc  reliability physics activities inchrdc
heater and container-material aging studies, studies to dctcnninc the effects of purity and
n]anufacturing techniques on hydride isotherm properties, and studies to establish requirements
for preventing migration and compaction of the hydride power.

IIuring the design and qualification of lllY1’SCll,  extensive data has also been developed on the
fligh[wor(hincss  of all of tbc key clcmcnts  of the systcm, Studies, for example, have
charactcriz,cd  the kinetics and absorption capabilit  ics of the fast abSOrJ>tiOJl beds containing phase-
chan~e-material (l’CM) hcatsinks,  extensively researched suitable valves and scat materials, and
dcvclopcd  complete control algorithms for the operation of the. refr’igcrator.

‘1’o provide the ncccssary transition between the shuttle based 111.HY3C1; flight cxpcrirncnt  and an
cvcntual  flight l]llcoo]er,  aJJ'I, contract  todcvelop  afligllt-likc  el~gir]ccring  1]~odcl  10-K cooler
has been initiated with Allied Signal Aerospace, ‘Mc cnginccring  model design is dircctcd  at the
cooling requirements, mission constraints, satellite designs and interfaces of the actual Bll
mission application. Closccooperation  between the Allied Signal 10-K coolcrdevelopn]cn  ttean~,
the IHi system developers, and JP1.,  is planned to maximize the technology handoff from
lIIH’SC1;,  and to il~surc  ]~~ecting ti]crcquire]l~cllts  oftllcllIl  ]]~ission,

SIJM hqARY

lhc growing demand for long-wavelength infrared imaging instruments for space observational
aI@icatiom  has lcd to a rapidly expanding near-term commitment to mechanical cryocoolcrs  for
]ong-life NASA and BMIIO space missions. To liclp ensure the success of these cooler
commitments, the Jet Propulsion 1,aboratory  has inlplcmcntcd  an extensive cryocoolcr  program
dircctcd  at assisting in the development of advanced cryocoolcr  tcchno]ogics  that successfully
address the broad array of complex performance requirements needed. ‘1’hc  J1’1, cryocooler
program is making good progress in the characterization of industry-dcvc]opcd  Stirling and pulse
tube coolers, the development and flight test of advanced sorption cooler systcm for detector
cooling to 10 K, and the development and flight test of advanced low-vibration Stirling-cooler
Systms.
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